A number of studies on the internal friction of hydrogenated amorphous alloys have been recently performed in order to develop new high damping materials with mechanical strength higher than that of crystalline ones. In this work, effects of hydrogen on the mechanical properties such as fracture strength and internal friction have been investigated in a Ti 50 Ni 25 Cu 25 metallic glass. It is found that the Ti 50 Ni 25 Cu 25 metallic glass has high fracture strength even after absorbing hydrogen up to 24.7 at%, while the fracture strength decreases significantly in the high hydrogen content up to about 40 at%. It is also found that the internal friction peak Q −1 is about 5.0 × 10 −2 at 185 K in the case of 40.2 at% hydrogen content. It should be noted that the peak temperature is observed between room temperature and 185 K and decreases with increasing hydrogen content while the peak height increases gradually with increasing hydrogen content.
Introduction
Metallic glassy alloys having a large supercooled liquid region ∆T x (= T x − T g , T x : crystallization temperature, T g : glass transition temperature) wider than 50 K before crystallization are watched with keen interest. In the last decade, "bulk" metallic glasses, especially Zr-based multicomponent alloys, have been developed. [1] [2] [3] [4] The bulk metallic glasses contain elements having high affinity with hydrogen, such as titanium and zirconium and hence are expected to absorb a large amount of hydrogen. It is well-known that absorbed hydrogen changes various properties of materials. A number of data on the effect of hydrogen on mechanical properties have been reported. Metallic glasses also exhibit significant hydrogen-induced embrittlement by absorbing hydrogen. [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] Suh et al. examined the hydrogen-induced embrittlement of Zr-Ti-Ni-Cu-Be bulk metallic glass. They also reported that not only mechanical properties but also T g and T x changed after hydrogenation. This suggested that the increase of T g and T x for the absorbed alloy was attributed to the suppression of atomic rearrangements in the glassy structure.
Hydrogenated metallic glassy alloys exhibit an internal friction peak as well as hydrogenated crystalline alloys. [16] [17] [18] [19] [20] [21] [22] [23] [24] This peak is due to Snoek-type ordering of interstitially dissolved hydrogen atoms. It can be, therefore, expected that a hydrogenated metallic glass is used as a high damping material. There are some advantages of hydrogenated metallic glassy alloys compared with crystalline alloys in terms of high damping materials. 1) They have fracture strength much higher than that of crystalline alloys. 2) They show a much broader internal friction peak compared with crystalline alloys. However, one can also point out some disadvantage points. 1) Their internal friction Q −1 is much smaller than that of other practical damping materials.
2) The internal friction peak temperature is lower than room temperature. Moreover, metallic glasses are embrittled by absorbing hydrogen as mentioned above. Accordingly, we try to develop metallic glasses without hydrogen-induced embrittlement as well * To whom all correspondence should be addressed.
as with high damping properties.
The objective of this work is to clarify effects of hydrogen content on mechanical properties such as fracture strength and internal friction, of a Ti 50 Ni 25 Cu 25 metallic glass with a large ∆T x of 55 K. Ti-based bulk metallic glasses have higher fracture strength than that of Zr-based metallic glasses 25) which are the most common in bulk metallic glasses.
2, 4)

Experimental
Metallic glassy ribbons of Ti 50 Ni 25 Cu 25 alloy were produced by a single-roll melt-spinning technique. The ribbons were about 2 mm wide with a thickness of about 25 µm. The electrochemical hydrogen charging in 1 N H 2 SO 4 electrolyte was adopted to introduce hydrogen to specimens. The specimens were charged at the current density of 200 A/m 2 for 2-120 min in order to control the dissolved hydrogen content. The amount of hydrogen introduced in the specimens was examined by the inert gas carrier melting-thermal conductimetric method.
Fracture strength of hydrogenated specimens was measured at room temperature in air by using an Instron-type tensile testing machine. The strain rate was 8.3 × 10 −4 s −1 . About 10 tensile specimens were used for the fracture strength measurement. The ribbons were cut into short pieces of about 20 mm long, and then both sides of the ribbons were trimmed and polished. After this procedure, the width of the tensile specimens was about 1 mm. Amorphicity before and after hydrogenation was investigated by X-ray diffractometry (CuKα, 35 kV, 15 mA, hereafter denoted as XRD). Thermal stability of glassy phase was examined by differential scanning calorimetry (DSC) at a heating rate of 0.67 Ks −1 . Fracture surface was examined with a scanning electron microscope (SEM). Temperature dependence of internal friction was measured by a vibrating reed technique.
26) The frequency of the oscillation was 80-230 Hz. The measurements were performed in a resonant vibrating state at temperatures between 90 K and 273 K in a vacuum at a heating rate of 0.33 K min −1 . 25 Cu 25 metallic glass after hydrogenation Hydrogen charging conditions are tabulated in Table 1 . As shown in Table 1 , hydrogen is not introduced linearly with an increase of charging time. In the electrochemical hydrogen charging, a large amount of hydrogen was introduced to the specimen easily. Then, the amount of introduced hydrogen was saturated to an equilibrium state in a short time. Figure 1 shows XRD patterns of the hydrogenated specimens charged for 0-120 min. No sharp diffraction peaks are observed in the 2θ range of 30-70
Results and Discussion
Stability of Ti 50 Ni
• . This indicates that all specimens keep a single glassy phase even after heavy hydrogenation. Besides, a halo peak moves to lower angle with increasing hydrogen content due to the lattice expansion by hydrogenation. Figure 2 shows DSC curves of the as-spun specimen (No. 1) and the specimen containing 41.6 at% hydrogen (No. 7). It is shown in Fig. 2(a) that the as-spun speci- men exhibits an endothermic supercooled liquid region at about 700 K, followed by an exothermic crystallization peak at about 750 K upon heating up to 1100 K. Figure 2 (b) shows that the hydrogenated specimen exhibits a broad endothermic peak due to hydrogen desorption at about 500 K, followed by an exothermic peak indicating crystallization of hydride and then a sharp endothermic peak due to hydrogen desorption at about 1000 K. An exothermic peak due to crystallization of the glassy phase is observed in both the DSC curves. The crystallization peak temperature of the hydrogenated specimen in Fig. 2(b) is lower than that of the as-spun specimen. This means that the Ti 50 Ni 25 Cu 25 glassy phase becomes unstable by hydrogenation. A large endothermic peak is observed at about 1000 K in the DSC curve of the hydrogenated specimen. In addition, a broad endothermic peak is also observed around 500 K in the hydrogenated specimen. Consequently, the Ti 50 Ni 25 Cu 25 metallic glass containing a large amount of hydrogen cannot be applied as a damping material at the temperature above about 300 K because the hydrogenated glassy phase is thermally unstable at the temperature higher than room temperature. Figure 3 shows the tensile fracture strength of the hydrogenated specimens as a function of hydrogen content. The fracture strength decreases gradually with increasing hydrogen content up to about 25 at% and significantly in the higher content more than 30 at%. In general, hydrogen atoms occupy the central vacancy inside the tetrahedron sites in metallic glasses. Stolz et al. reported that Ti 65 Ni 35 amorphous alloy became highly brittle at the hydrogen concentrations above 0.2 because Ti4-tetrahedron sites were filled with about 0.25 H atoms per metal atom. This is consistent with the rapid decrease in the strength in the absorbed hydrogen content range beyond a certain amount that can be stored in Ti4-tetrahedron sites. Figure 4 (a) shows the fracture surface of the as-spun specimen, while Figs. 4(b) and (c) show the fracture surface of the hydrogenated specimens with hydrogen contents of 12.0 at% and 41.6 at%, respectively. Typical vein-type fracture surface that is inherent to amorphous alloys, is observed for the asspun specimen as shown in Fig. 4(a) . A cleavage-like surface is partly observed, but almost all the surface is occupied by vein pattern as shown in Fig. 4(b) . Cleavage-like flat surface is observed in the specimen containing a large amount of hydrogen (Fig. 4(c) ). This is attributable to the complete embrittlement by hydrogen absorption. These results indicate that the Ti 50 Ni 25 Cu 25 glassy alloy is not embrittled distinctly in the case of hydrogen content less than about 25 at%. Figure 5 (a) indicates the relationship between the resonant frequency and the temperature of each hydrogenated specimen. The resonant frequency of each specimen does not change systematically when changing hydrogen concentration. This is attributable to the non-unified dimension of the specimens because they are parts of a melt-spun ribbon. The resonant frequencies decrease with increasing temperature. In the case of the specimens of hydrogen concentration of 24.7 at%H and 40.2 at%H, a large decrease of the resonant frequency is observed at around 180 K. This may be related with a temperature-dependence of the Young's modulus. Figure 5 (b) shows the temperature dependence of internal friction peak Q −1 of the hydrogenated specimens. In general, the damping mechanism of hydrogenated metallic glasses is considered to be a Snoek-type ordering of interstitially dissolved hydrogen atoms. 24, 27) Accordingly, the damping mechanism of the Ti 50 Ni 25 Cu 25 alloy used in this study is also expected to be a Snoek-type one. Since the background level is much lower than the peak height, the background levels are almost negligible in all profiles of Fig. 5(b) .
Mechanical properties of Ti 50 Ni 25 Cu 25 metallic glass after hydrogenation
Internal friction peak of Ti 50 Ni 25 Cu 25 metallic glass after hydrogenation
The peak temperature may vary depending on not only the absorbed hydrogen concentration but also the resonant frequency of the specimens. In order to estimate the frequency dependence of the peak temperature, the following equation was reported by Sinning.
27)
Where T p ( f 0 ) is the estimated peak temperature at the reference frequency, f 0 , f is the resonant frequency obtained by a measurement, T p ( f ) is the peak temperature obtained at the frequency, f , by a measurement, k B is Boltzman constant and Q a is activation energy. To our knowledge, exact activation energy of Ti 50 Ni 25 Cu 25 metallic glass was not reported anywhere. If the activation energy is assumed to be about 0.4 eV, we can estimate resonant frequency dependence of the peak temperature using the above equation. In this study, the measured maximum and minimum resonant frequencies are about 230 Hz (40.2 at%H, 90 K) and 80 Hz (12.0 at%H, 270 K), respectively as shown in Fig. 5(a) . When we assume that f 0 = 230 Hz, f = 80 Hz and T p (80 Hz) = 220 K (12.0 at%H), we can estimate that T p (230 Hz) = 231.6 K. This means that frequency effect on the peak temperature is about 12 K at maximum in this study. This effect can be negligible when we discuss the peak temperatures in Fig. 5(b) . In the previous reports on other metallic glasses, internal friction peak temperature does not show strong dependence on vibrating frequency. 16, 23) It is shown in Fig. 5(b) that the peak temperature decreases with increasing hydrogen content. Hydrogen atoms can occupy mainly the tetrahedron sites in metallic glass structure. They have different site-energy because of the amorphous structure and multicomponent. Accordingly, with increasing the hydrogen content, hydrogen atoms can occupy at relatively higher energy sites and so move at relatively lower temperature. As a result, the peak temperature decreases. Moreover it should be noted that the specimen with hydrogen content of 40.2 at% shows the largest internal friction Q −1 of 5.0 × 10 −2 in spite of severe degradation of fracture strength. Stolz et al. reported that the internal friction peak Q −1 was about 1 × 10 −2 at around 220 K in Ti 65 Ni 35 amorphous alloy with hydrogen content of 2 at% at the vibrating frequency of 265 Hz 17) which is almost the same frequency of this study. In this work, Ti 50 Ni 25 Cu 25 metallic glass at the hydrogen content of 2.2 at% shows the internal friction peak at around room temperature. This suggests that Cu addition is effective to increase the peak temperature of the Ti-based metallic glass alloy. Figure 6 shows the relationship between peak temperature and internal friction height at the peak temperature. It is found that the internal friction peak height increases with decreasing peak temperature. The number of hydrogen atoms that can dissipate the vibration increases with increasing hydrogen content. This results in increasing peak height. On the other hand, as mentioned above, the peak temperature decreases with the increase of the hydrogen content. As a result, the relationship between the peak height and peak temperature in Fig. 6 can be observed via increasing hydrogen content. Sinning summarized relationships between the internal friction peak height and peak temperature of amorphous alloys previously studied, in which each data point was normalized by the frequency. 27) The results in this work also show the same tendency in his plot. This relationship between them may be the characteristic feature of the Snoek-type damping of metallic glass alloys.
As mentioned above, the specimen with hydrogen content of 24.7 at% possesses high fracture strength. Therefore, in this study it is the most suitable for a damping material with high internal friction without significant embrittlement. However, since the thermal stability became unstable by introducing excess hydrogen as shown in Fig. 2 , it is necessary to find the compositions of Ti-Ni-Cu ternary alloys with higher stability when absorbing hydrogen.
Conclusions
Hydrogen-induced embrittlement and internal friction were examined using Ti 50 Ni 25 25 Cu 25 glassy alloy had high fracture strength even after hydrogenation up to 24.7 at%. The fracture strength decreased significantly when the hydrogen content increased above around 30 at%.
(4) The internal friction peak was observed for the hydrogenated Ti 50 Ni 25 Cu 25 glassy alloy. The internal friction peak Q −1 was about 5.0 × 10 −2 at about 185 K for the specimen with hydrogen content of 40.2 at%. The peak temperature decreased from room temperature to about 185 K with an increase of hydrogen content.
